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Abstract: Some interpretations of RD(∗) anomaly in B meson decay using leptoquark
(LQ) models can also generate top quark decays through Flavor Changing Neutral Current
(FCNC). In this work we focus on two LQs, i.e. scalar S1 and vector U1 which are both
singlet under the SU(2)L gauge group in the Standard Model (SM). We investigate their
implications on the 3-body top FCNC decays t→ c`i`j at tree level and the 2-body t→ cV
at one-loop level, with ` being the SM leptons and V = γ, Z, g being the SM gauge bosons.
We utilize the 2σ parameter fitting ranges of the LQ models and find that Br(t→ c`i`j) at
tree level can reach O(10−6) and Br(t→ cV ) at one-loop level can reach O(10−10). Some
quick collider search prospects are also analyzed.
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1 Introduction
The deviations of B meson decays from the Standard Model (SM) predictions have at-
tracted a lot of attention in the past several years [1–7]. Two significant processes are
RD(∗) and RK(∗) which are defined through ratios of Branching Ratios (BRs) as follows:
RD(∗) =
Br(B → D(∗)τ ν¯)
Br(B → D(∗)lν¯)
∣∣∣∣∣
l∈{e,µ}
, R
[q21 ,q
2
2 ]
K(∗) =
∫ q22
q21
dq2 ∂
∂q2
Br(B → K(∗)µµ)∫ q22
q21
dq2 ∂
∂q2
Br(B → K(∗)ee)
, (1.1)
with q2 = (pl+ + pl−)
2 between q21 and q
2
2 in units of GeV
2. For RD(∗) , the world-averaged
results after the recent update from Belle Collaboration [8] are1:
RD = 0.334± 0.031 , RD∗ = 0.297± 0.015 , (1.2)
RSMD = 0.299± 0.003 , RSMD∗ = 0.258± 0.005, (1.3)
which are larger than the SM predictions at about 3.1σ [10–15].
The latest measurements of RK at LHCb [16] and RK∗ at Belle [17] are
2:
R
[1.1,6]
K = 0.846
+0.060
−0.054(stat.)
+0.016
−0.014(sys.), R
[1.1,6]
K∗ = 0.96
+0.45
−0.29(stat.)
+0.11
−0.11(sys.), (1.4)
which are smaller than the SM predictions shown below [18, 19] at around 2σ.
R
[1.1,6],SM
K = 1.00± 0.01, R[1.1,6],SMK∗ = 1.00± 0.01. (1.5)
The observed deviations of Rexp
D(∗) > R
SM
D(∗) and R
exp
K(∗) < R
SM
K(∗) have motivated many in-
terpretations by imposing physics beyond the SM (see a recent review in [20] and references
therein). Many of the theoretical proposals introduce additional charged scalars [21–31]
and/or vectors [32–41] to mediate the Charged Current (CC) in RD(∗) and Neutral Current
(NC) in RK(∗) , which can be realized in various UV-complete models. Recent discussions
can be found in [42–60] and also recently in [61–97].
In this work we are not going to be ambitious to explain both deviations, but limit
ourselves to RD(∗) interpretations in the leptoquark (LQ) models [98–118] and its inter-
esting correlations to the top quark Flavor Changing Neutral Current (FCNC) decays.
Recently, several studies investigated the implications of the six types of LQ models on
RD(∗) and RK(∗) , including three scalars {S1, R2, S3} and three vectors {U1, V2, U3} where
the subscript denotes 2T3 + 1 with T3 being the LQ’s weak isospin. Results show that
three of them are still capable of accommodating RD(∗) excess while satisfying other flavor
constraints, i.e. SM SU(2)L singlet scalar S1 and vector U1, as well as SU(2)L doublet
scalar R2.
1These updates do not change significantly from the previous ones when considering uncertainties, i.e.
RD = 0.407± 0.046 and RD∗ = 0.306± 0.015 [9]. Our main conclusions in this work are not affected much,
especially for the order of magnitude in our numerical results.
2R
[1.1,6]
K∗ cited are using the combined charged and neutral channels in Belle’s measurement. RK(∗) in
other energy bins can be found in [17].
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In this work we concentrate on the two SU(2)L singlet scenarios, i.e. S1 and U1,
motivated by the simplicity and, as we will see later, the resulting clear correlation patterns
between RD(∗) explanations and the top decays through FCNC. Note that the benchmark
parameters we utilize in the numerical analysis may not be able to produce the observed
RK(∗) anomaly. For example, requiring S1 to explain RK(∗) appears to result in conflict
with R
µ/e
D = Br(B → Dµν)/Br(B → Deν) [119]. On the contrary, it has been shown that
U1 can still simultaneously generate the observed RD(∗) and RK(∗) [120]. Putting aside the
complexities in accommodating both anomalies, in this work we will exclusively investigate
the RD(∗) interpretation and the interesting correlations with the top quark FCNC when
introducing LQ S1 or U1.
This paper is organized as follows. In Section 2 we briefly capture the Lagrangian
we consider for the scalar LQ S1 and the vector LQ U1, and the effective operators they
generate in low-energy processes for RD(∗) . In Section 3 we present the results for top FCNC
decays induced at both tree level and one-loop level. Collider search prospects are given
in Section 4 and Conclusion will be given in Section 5. Appendix includes full expressions
of one-loop Wilson coefficients of t→ cV at one-loop level induced by the scalar LQ S1.
2 LQ S1 and U1 for RD(∗)
In this section we briefly capture the low-energy theory in terms of effective operators
for RD(∗) and the Wilson coefficients generated by the scalar LQ S1 and vector LQ U1,
respectively. Then we present the theoretical correlations between RD(∗) and BRs of top
FCNC. We denote LQ as (SU(3)c, SU(2)L)Y which is its representation in the SM gauge
group [120, 121]. Considering the misalignments between gauge and mass eigenstates in
the quark sector, we define the left-handed quark doublet as Qi = [(V
†uL)i dL i]T where V
is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
As mentioned earlier, we will focus on two LQs which are both singlet under the SM
SU(2)L group, i.e. scalar S1 ≡ (3¯,1)1/3 and vector U1 = (3,1)2/3. Their interactions with
the SM fields we consider are
LS1 = gij1LQCi iτ2LjS1 + gij1R uCR ieRjS1 + h.c., (2.1)
LU1 = hij1LQiγµLjUµ1 + hij1R dR iγµ`RjUµ1 + h.c., (2.2)
where gij1L, g
ij
1R and h
ij
1L, h
ij
1R are matrices of new Yukawa interactions in the general case,
and τ2 is the second Pauli matrix. We have neglected the terms of diquark couplings to
LQ to ensure the stability of proton [121]. Note again that we have chosen the form of
the left-handed quark doublet as Qi = [(V
†uL)i dL i]T in which the down-type quarks are
mass eigenstates. Therefore it will be (V g1L)
ij and (V h1L)
ij that enter the interactions
involving up-type left handed quarks.
The general low-energy effective dimension-six operators involved in B → D(∗)τ ν¯ are
[100, 110]
− Leff = (CSMδlτ + C lV1)OlV1 + C lV2OlV2 + C lS1OlS1 + C lS2OlS2 + C lTOlT , (2.3)
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with l = 1, 2, 3 being the neutrino generation index. CSM = 2
√
2GFVcb is the SM contri-
bution where GF is the Fermi constant. Operators above are defined as
OlV1 = (c¯Lγ
µbL)(τ¯LγµνlL) , O
l
V2 = (c¯Rγ
µbR)(τ¯LγµνlL) , (2.4)
OlS1 = (c¯LbR)(τ¯RνlL) , O
l
S2 = (c¯RbL)(τ¯RνlL) , (2.5)
OlT = (c¯Rσ
µνbL)(τ¯RσµννlL) . (2.6)
The Wilson coefficients generated by S1 and U1 at the energy scale µ = MLQ are
C lV1 =
3∑
k=1
Vk3
(
gkl1Lg
23∗
1L
2M2S1
+
h2l1Lh
k3∗
1L
M2U1
)
, C lV2 = 0 , (2.7)
C lS1 =
3∑
k=1
Vk3
(
−2h
2l
1Lh
k3∗
1R
M2U1
)
, C lS2 =
3∑
k=1
Vk3
(
−g
kl
1Lg
23∗
1R
2M2S1
)
, (2.8)
C lT =
3∑
k=1
Vk3
(
gkl1Lg
23∗
1R
8M2S1
)
. (2.9)
For simplicity, in the following we only consider terms with k = 3 and V33 ≈ 1 for the
LQ contributions3. We note that [110] has provided the parameter ranges for various LQ
models which can fit the RD(∗) data (see Table.II therein), as well as how they confront
other flavor constraints. For example, a small g2l1L can help S1 pass the constraints from
B¯ → Xsνν¯ while having available g3l1Lg23∗1R to interpret RD(∗) . Note that there are only two
parameters in our analysis when choosing a certain generation index l, i.e. g3l1L, g
23
1R for
S1 and h
2l
1L, h
k3
1L for U1, which is different from the more complex textures in other works,
e.g. [120, 122]. Our choices can result in clear correlations between RD(∗) and top FCNC
decays.
3 LQ S1 and U1 for top quark FCNC
Diagrams of S1, U1 contributions to top FCNC at tree level t → cτ−`+i and t → cντ ν¯i are
provided in Fig.1 with i denoting the lepton generation index. Square brackets indicate
the chirality of couplings and replacement with particles in the round brackets generate
processes involved in RD(∗) . In Fig.2 and Fig.3 we also show the one-loop contributions to
top FCNC t→ cγ from S1 and U1, respectively, in which replacing external photon γ with
Z boson or gluon g with applicable vertices is straightforward.
In the numerical analysis, we utilize the parameter ranges in [110] for various LQ
models which can fit the RD(∗) data at 2σ level (see Table.II therein). We remind ourselves
that moderate differences in the 2σ ranges of parameters presented in different papers do
not affect the order of magnitude in top FCNC BRs we will discuss. To be more clear, the
parameter ranges we take from [110] in the numerical studies are summarized in Table.1.
For simplicity, we assume all parameters are real in our analysis.
3To make it consistent, in the following calculations we also ignored terms in LQ-quark-lepton couplings
that are induced by non-diagonal CKM elements, i.e. from the up-type quark mixings defined in Qi =
[(V †uL)i dL i]T . We checked that the dropped terms are negligibly small.
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t(b)
`+i (ν¯i) τ
−
cS1[L] [R] t(b)
ντ (τ
−) ν¯i
cU1[L] [L]
Figure 1: Tree-level top FCNC decays considered in this work, induced by SU(2) singlet
scalar LQ S1 and vector LQ U1.
Figure 2: One-loop top FCNC decays of t→ cγ considered in this work, induced by SU(2)
singlet scalar LQ S1.
Figure 3: One-loop top FCNC decays of t→ cγ induced by SU(2) singlet vector LQ U1.
Note that we do not calculate these diagrams in this work, due to the lack of ultraviolet
completion for vector LQ U1 in our phenomenological studies. See more discussions in
Section 3.2.
LQ 2σ range for B¯ → D(∗)τ ν¯
S1 g
3l
1Lg
23∗
1R ∈
(
MS1
1 TeV
)2 ×{ (1.64, 1.81) l = 1, 2
(−0.87,−0.54) l = 3
U1 h
2l
1Lh
33∗
1L ∈
(
MU1
1 TeV
)2 ×{ (0.52, 0.84) l = 1, 2
(−2.94,−2.80) l = 3
Table 1: Parameter ranges we utilize in numerical calculations, taken from Table.II of
[110]. For simplicity, we assume all parameters are real in our analysis.
3.1 Tree level
One important feature in the top FCNC decay induced at tree level by LQ S1 and U1 is
that heavy LQ can be reasonably integrated out into effective coefficients in the amplitude,
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i.e. g1Lg1R
M2S1
and h1Lh1R
M2U1
, which contribute as a whole piece in both the top FCNC decay
and the RD(∗) . This infers an interesting correlation between the two processes despite the
specific values of the couplings and LQ masses, as long as LQ masses are heavy enough to
justify the effective coefficients as good approximations of the full calculations.
The top FCNC BRs in Fig.1 can be approximated as follows.
S1 : Br(t→ cτ−`+l ) ≈
1
Γt,SM
( m5t
6144pi3
)
|g
3l
1Lg
23∗
1R
M2S1
|2 = 10−6 ×
{
1.4 ∼ 1.8 l = 1, 2
0.16 ∼ 0.41 l = 3 (3.1)
U1 : Br(t→ cντ ν¯l) ≈ 1
Γt,SM
( m5t
1536pi3
)
|h
33
1Lh
2l∗
1L
M2U1
|2 = 10−6 ×
{
0.58 ∼ 1.5 l = 1, 2
17 ∼ 19 l = 3 (3.2)
In the above, we take the SM parameters as mc ' mτ ' 0,mt = 172 GeV and Γt,SM =
1.5 GeV, while g1Lg1R
M2S1
and h1Lh1R
M2U1
are taken from Table.1. The analytic expressions are
approximations by integrating out LQ propagators, while the numerical results are obtained
from full calculations using MadGraph [123] with model files generated by FeynRules [124].
Note again that the connection between RD(∗) and top quark 3-body FCNC decays
Br(t→ c`i`j) ∼ 10−6 shown above do not depend directly on the specific values of couplings
and LQ masses, but on the effective coefficients g1Lg1R
M2S1
and h1Lh1R
M2U1
as a whole piece. It holds
well for sufficiently heavy MLQ (& 1 TeV) which can justify the good approximations and
suppress the high order terms ∝ m2t
M2LQ
in the full calculation.
3.2 One-loop level
For t → cV with V = γ, g, Z at one-loop level, the amplitudes can be expressed in the
following form:
iMtcV = u¯(p2) ΓµtcV u(p1) µ(k, λ) , (3.3)
where p1, p2, and k denote the 4-momenta of the incoming top quark, outgoing charm
quark and the outgoing gauge boson, respectively, and µ(k, λ) is the polarization vector
of the outgoing gauge boson. The vertices Γµ can be decomposed as follows [125] when
external particles are on-shell:
ΓµtcZ = γ
µ(PLf
Z
V L + PRf
Z
V R) + iσ
µνkν(PLf
Z
TL + PRf
Z
TR) , (3.4)
Γµtcγ = iσ
µνkν(PLf
γ
TL + PRf
γ
TR) , (3.5)
Γµtcg = T
aiσµνkν(PLf
g
TL + PRf
g
TL) , (3.6)
with PR,L =
1
2(1 ± γ5), σµν = i2 [γµ, γν ] and T a are the SU(3) color generators with
a = 1, ..., 8. The partial widths are
Γ(t→ cZ) = m
3
t
32pim2Z
(1− m
2
Z
m2t
)2
[
(1 + 2
m2Z
m2t
)(|fZV L|2 + |fZV R|2)
−6m
2
Z
mt
Re
(
fZV Lf
Z∗
TR + f
Z
TLf
Z∗
V R
)
+m2Z(2 +
m2Z
m2t
)(|fZTL|2 + |fZTR|2)
]
, (3.7)
Γ(t→ cγ) = m
3
t
16pi
(|fγTL|2 + |fγTR|2) , (3.8)
Γ(t→ cg) = CF m
3
t
16pi
(|fgTL|2 + |fgTR|2) , (3.9)
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where CF = (N
2
c − 1)/2Nc with Nc = 3 is the Casimir factor of SU(N) and we set mc = 0
for simplicity. We use FeynArts/FormCalc [126, 127] to perform the one-loop calculations
which is then linked to LoopTools [127] to obtain numerical results.
First of all, we note that in the case of vector LQ U1, the model is non-renormalizable
by introducing a single vector LQ U1. This results in a divergent U1 contribution to t→ cV
at one-loop level, unless the ultraviolet (UV) completion is established to generate the U1
mass (see e.g. [128–134]). The approach will be model-dependent and we will not address
it further in this work. More discussions on effects of U1 at one-loop level can be found in,
e.g. [118].
In the full calculations we include both the SM and the LQ contributions to take
into account the interference effects. For the LQ S1 contributions, we present the full
expressions of Wilson coefficients at one-loop level in the Appendix. In the heavy mass
range MS1 ' 1 TeV which indicates MS1  mt,mc,mτ , one can have approximated results,
especially for the massless gauge bosons V = γ, g. By setting mc = 0 and taking xτ =
m2τ/M
2
S1
, xt = m
2
t /M
2
S1
, we have:
fgTL '
1
16pi2
gsmτ
g331Lg
23∗
1R
M2S1
× 1
12
(− 6 (22xτxt + 3xt + 16xτ + 6) log xτ − 49xt − 48), (3.10)
fγTL ' −
1
16pi2
emτ
g331Lg
23∗
1R
M2S1
×1
3
(1
6
(14xtxτ + xt + 9xτ + 3) + (xt + 1)xτ log xτ
)
, (3.11)
fgTR = f
γ
TR = f
Z
TR = 0, (3.12)
where gs is the coupling of strong interaction. In the above, we have utilized Package-X
[135, 136] to perform the loop function reductions. Note that the absence of right-handed
dipole current is because of the coupling textures we considered in Table.1. In the case of
massive Z boson, the loop function approximations are tediously long [137] and we keep
the full expressions in the Appendix.
In Fig.4 we show the numerical results of Br(t → cV ) with colors of red, green,
blue indicating V = γ, g, Z, respectively. Solid lines include both the SM and the LQ
contribution, while dashed lines are the SM predictions with the CKM matrix values taken
from Particle Data Group [138]. In the left panel we choose g331Lg
23∗
1R = 1 as an ordinary
coupling benchmark to show the decoupling behavior of LQ S1 contribution with respect
to (w.r.t.) MS1 . We see that when including the LQ S1 contributions with MS1 ' 1 TeV,
Br(t → cγ) (Br(t → cZ)) are increased by a factor of about 2000 (400) from the SM
predictions 5× 10−14 (1× 10−14) to around 1× 10−10 (4× 10−12). However, there is only
a mild enhancement by a factor of around 3 for Br(t→ cg), which is from 6× 10−12 in the
SM to around 2 × 10−11 when including the S1 contributions. However, with sufficiently
heavy MS1 all values of Br(t→ cV ) will reduce to the SM predictions.
In the right panel, we fix
g331Lg
23∗
1R
M2S1
= 0.87 which is the upper bound value of numerical
fitting for LQ models to explain RD(∗) at 2σ (see Table.1). To keep g
33
1L, g
23∗
1R perturbative in
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this set-up, MS1 should not be too heavy. In the region of MS1 ' O(1) TeV, one can learn
from Eq.(3.10) and Eq.(3.11) that we have small but almost stable xτ , xt  O(1). When
combined with the SM contributions, Br(t → cV ) are also fairly stable for MS1 & 2 TeV
with values around 1× 10−10, 1× 10−11, 5× 10−13 for V = γ, g, Z, respectively.
V = γ V = g V = Z
500 1000 2000 5000
10-15
10-13
10-11
10-9
MS1 (GeV)
B
r(t→c
V)
g1 L33 g1R23* = 1; Solid: Total; Dashed: SM
V = γ V = g V = Z
500 1000 2000 5000
10-15
10-13
10-11
10-9
MS1 (GeV)
B
r(t→c
V)
g1 L33 g1R23*
MS1
2
= 0.87; Solid: Total; Dashed: SM
Figure 4: Br(t → cV ), V = γ, g, Z at one-loop level induced by SU(2) singlet scalar LQ
S1. In the left panel we choose g
33
1Lg
23∗
1R = 1 as an ordinary coupling benchmark to show the
decoupling behavior of LQ S1 contribution with respect to MS1 . In the right panel, we fix
g331Lg
23∗
1R
M2S1
= 0.87 which is the upper bound value of numerical fitting for LQ models to explain
RD(∗) at 2σ (see Table.1). Solid lines include both the SM and the LQ contribution, while
dashed lines are the SM predictions with the CKM matrix values taken from Particle Data
Group [138].
4 Collider search prospects
The 2-body top quark FCNC decays have been searched intensively at the LHC. The
current constraints on the Br(t → cγ), Br(t → cg) and Br(t → cZ) are found to be
2× 10−3 [139], 2× 10−4 [140, 141] and 2× 10−4 [142, 143], respectively. These are about
six orders of magnitude above the predicted BR values O(10−10) at one-loop level induced
by our LQ scenarios of explaining RD(∗) , as presented in Fig. 4. Therefore, with such small
BRs there is basically no hope to detect the signals of the 2-body top quark FCNC decays
induced by S1 explanation of RD(∗) .
As for the 3-body top quark FCNC decays at tree level, our discussions in Sec. 3.1
show that the LQ explanation of the RD(∗) can induce t→ cµτ , t→ cττ and t→ cνν with
BRs ∼ 10−6. In the following we perform some assessments of the search prospects for
the 3-body top FCNC decays at the future upgraded LHC with integrated luminosity of
3000 fb−1 and collision energy at 13 TeV. We will first consider the cut-and-count analysis
which turns out to be not effective, then we proceed with further studies using multi-variate
analysis techniques of Boosted Decision Tree (BDT) method.
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4.1 Cut-and-count analysis
The LHC is a top quark factory. With integrated luminosity of 3000 fb−1 and collision
energy at 13 TeV, about 2.5 × 109 top quark pair events will be produced. If the LQ
explanation of the RD(∗) can induce t→ cµτ , t→ cττ and t→ cνν with BRs ∼ 10−6, there
will be ∼ 2500 events which include at least one top quark decaying in these 3-body FCNC
modes. In order to suppress the multi-jet events and trigger the signal events, we require
the other top quark in the top quark pair event to decay leptonically (t→ bW, W → `ν).
This requirement still gives ∼ 500 3-body top quark FCNC events induced by our LQ
scenarios of explaining RD(∗) . The dominant SM backgrounds are tt¯ with both top quarks
decay through t → bW , diboson production (VV), Drell-Yan process (DY) and W+jets
events.
The following preselections will be applied to pick out the final state for each one of
t→ cµτ , t→ cττ and t→ cνν.
• Selection 1: Exactly one lepton, at least three jets including exactly one b jet and
two τ jets.
• Selection 2: Exactly two leptons, at least one muon, at least 2 jets including exactly
one b jet and one τ jet.
• Selection 3: Exactly one lepton and more than two jets in the final state, where one
of the jet is b-tagged, the missing transverse energy EmissT > 80 GeV.
In the event selections, our requirements include:
• The muons are required to have pT > 30(25) GeV and |η| < 2.4, while the electrons
should have pT > 35(30) GeV and |η| < 2.4 for leading (sub-leading) lepton.
• For both electrons and muons, the scalar sum of transverse momenta HT of all
particles with pT > 0.5 GeV that lie within a cone of radius R = 0.3(0.4) around the
e(µ) should be less than 25(15)% of the transverse momentum of e(µ).
• The jets are reconstructed through anti-kT algorithm with radius parameter R = 0.4.
Each should have pT > 30 GeV and |η| < 2.4.
• The τ jet tagging efficiency is 60% with a QCD jet mis-identification rate of 1% (5%)
for pT < 40 GeV (pT > 40 GeV). We set the b-tagging efficiency to be 68 %, and
the corresponding mis-tagging rates for the charm and light flavor jets are 0.12 and
0.01 [144].
The number of signal and background events after selections at HL-LHC are provided
in Tab. 2, in which the W+jet events in Selection 1 and 2 are negligible because of low
statistics after the requirement of b and τ jets. We can see that after the preliminary
selection, the tt¯ events are the dominant SM background and they are about 104 ∼ 105
times larger than signal events. We also found that with this simple cut-and-count method
constructed above, the signal BRs above ∼ 5×10−5 can be excluded at the 95% confidence
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level (2 standard deviations). Therefore, the simple cut-and-count analysis is not powerful
enough for probing the 3-body top quark FCNC decay signals with BR ∼ 10−6 induced by
our LQ scenarios of explaining RD(∗) .
VV DY W+jet tt¯ t→ cµτ t→ cττ t→ cνν
Selection 1 9559 108095 - 1189719 28 19 0.3
Selection 2 5433 54047 - 839651 39 5 0.0
Selection 3 296814 594522 16530371 64764862 140 94 102
Table 2: The number of signal and background events after selections at 13 TeV LHC
with integrated luminosity of 3000 fb−1. The signals are the tt¯ events with one top quark
decaying leptonically and the other one decaying though t → cµτ , t → cττ and t → cνν
induced by our LQ scenarios of explaining RD(∗) with a universal benchmark BR ∼ 10−6.
The W+jet events in Selection 1 and 2 are negligible because of low statistics after the
requirement of b and τ jets.
4.2 Multi-variate analysis
We proceed with some further studies using multi-variate analysis of BDT method, which
is one of the machine learning techniques with the kinematic variables of the final objects,
the angle distributions between leptons and EmissT , and so on. In our results shown in Fig.5,
the input variables we consider include:
• multiplicity of jets, b jet, c jet and τ jet
• pT , EmissT of the leading lepton
• pT of the leading τ jet
• HT which includes jets, leptons and EmissT
• pT of leptons + EmissT , pT of leptons + τ jet
• ∆R(τ, `),∆φ(`, EmissT ),∆φ(τ, EmissT )
• ∆φ(τ + `, EmissT )
• ∆R(`, leading b jet)
In order to have a smooth distribution of the output BDT, we need to loosen the event
selections. As an example, if we loosen the event Selection 1 to 1 lepton and 2 jets (one
b jet and one τ jet) for the signal of the t → cµτ process, the signal significance defined
by4 S/
√
B goes down to 0.0138. In Fig.5 when focusing on the last 10 bins of signal
and background in the MVA score distribution between [0, 1], we found that using BDT
4Systematic uncertainties are not included in this quick multi-variate analysis given the limited statistics.
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can help the cut-and-count method give an increased significance of 0.0185. Therefore,
using the shape of the final BDT distribution we are able to increase the significance
by O(30%) compared to the cut-and-count method. However, to further increase the
sensitivity in a more comprehensive analysis, we need to perform the shape analysis with
more sophisticated statistical tools. As this involves dedicated data analysis with much
more statistics, we would leave the technical improvement in future works.
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Figure 5: Normalized BDT output distribution for signal and background events. The
signal events tend to be close to 1 and the background events are close to -1. The training
and testing samples are indicated by the dot and the filled histograms, respectively. The
training and testing samples are compatible with each other which means there is no
overfitting. We have utilized Delphes [145, 146] to simulate the detector responses.
5 Conclusion
In this work we studied the correlation between the interpretations of RD(∗) anomaly in
B meson decay using LQ models and the top quark FCNC decays, i.e. 3-body processes
t→ c`i`j at tree level and 2-body processes t→ cV at one-loop level, with ` being the SM
leptons and V = γ, Z, g being the SM gauge bosons. We focus on the scalar LQ S1 and
vector LQ U1 which are both singlet under the SM SU(2)L gauge group. Utilizing the 2σ
parameter fitting ranges of the LQ models, we find that 3-body processes Br(t → c`i`j)
at tree level can reach O(10−6), and the 2-body processes Br(t → cV ) induced by scalar
LQ S1 at one-loop level can reach O(10−10). We also provided quick estimations of the
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collider search prospects for a benchmark scenario Br(t → c`i`j) ∼ 10−6 at 13 TeV HL-
LHC with integrated luminosity of 3000 fb−1. We found that the simple cut-and-count
method can not give promising collider signal significance, but multi-variate analysis using
BDT technique can provide reasonable improvements. More refined collider analyses are
desirable which are left for future dedicated works.
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Appendix
Here we present the Wilson coefficients of 2-body top quark FCNC decays t → cV at
one-loop level induced by the scalar LQ S1 in Section 3.2. For the dipole current we have:
fgTL = g
33
1Lg
23∗
1R
1
16pi2
gsmτ × C2(0,m2t ,m2c ,M2S1 ,M2S1 ,m2τ ), (5.1)
fγTL = −g331Lg23∗1R
1
48pi2
emτ
×
(
3C1(m
2
c , 0,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ ) + C2(0,m
2
t ,m
2
c ,M
2
S1 ,M
2
S1 ,m
2
τ )
+3C2(m
2
c , 0,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ )
)
, (5.2)
fZTL = g
33
1Lg
23∗
1R
1
96pi2
e
cW sW
mτ
×
(
3(s2W − c2W )C1(m2c ,m2Z ,m2t ,M2S1 ,m2τ ,m2τ )
+2s2W
(
3C2(m
2
c ,m
2
Z ,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ ) + C2(m
2
Z ,m
2
t ,m
2
c ,M
2
S1 ,M
2
S1 ,m
2
τ )
))
,(5.3)
fgTR = f
γ
TR = f
Z
TR = 0. (5.4)
Note that the absence of right-handed dipole current is because of the coupling textures
we considered in Table.1.
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For the monopole current which appears for the massive gauge boson Z, we have:
fZV L = g
33
1Lg
23∗
1R
1
96pi2
e
cW sW
mτmc
m2c −m2t
×
(
(3c2W − s2W )
(
B0(m
2
t ,m
2
τ ,M
2
S1)−B0(m2c ,m2τ ,M2S1)
)
+2s2W (m
2
c −m2t )
(
3C0(m
2
c ,m
2
Z ,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ ) + 3C1(m
2
c ,m
2
Z ,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ )
+3C2(m
2
c ,m
2
Z ,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ ) + C2(m
2
Z ,m
2
t ,m
2
c ,M
2
S1 ,M
2
S1 ,m
2
τ )
))
, (5.5)
fZV R = g
33
1Lg
23∗
1R
1
96pi2
e
cW sW
mτmt
m2c −m2t
×
(
4s2W
(
B0(m
2
c ,m
2
τ ,M
2
S1)−B0(m2t ,m2τ ,M2S1)
)
+(m2c −m2t )
(
2s2WC2(m
2
Z ,m
2
t ,m
2
c ,M
2
S1 ,M
2
S1 ,m
2
τ )− 3(c2W − s2W )
(
C0(m
2
c ,m
2
Z ,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ )
+C1(m
2
c ,m
2
Z ,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ ) + C2(m
2
c ,m
2
Z ,m
2
t ,M
2
S1 ,m
2
τ ,m
2
τ )
)))
. (5.6)
Coefficients Bi, Ci in the above are defined in the general one-loop tensor integral
[127, 137]:
TNµ1...µP (p1, . . . , pN−1,m0, . . . ,mN−1) =
(2piµ)4−D
ipi2
∫
dDq
qµ1 · · · qµP
D0D1 · · ·DN−1 , (5.7)
with the following denominators:
D0 = q
2 −m20 + iε, Di = (q + pi)2 −m2i + iε, i = 1, . . . , N − 1. (5.8)
Then one can perform the decompositions as follows:
Bµ = p1µB1, (5.9)
Cµ = p1µC1 + p2µC2. (5.10)
To carry out the numerical calculations with the public package LoopTools, one needs to
impose the parameter conventions of LoopTools by the following transformation:
Bi(p1,m0,m1) → Bi(p21,m20,m21), (5.11)
Ci(p1, p2,m0,m1,m2) → Ci
(
p21, (p1 − p2)2, p22,m20,m21,m22
)
. (5.12)
Note that the loop function coefficients presented in this Appendix has been applied with
the transformation.
In all of the numerical results presented in this work, we have used the complete
expressions with loop functions. However, for MS1 ' O(1) TeV which indicates MS1 
mt,mc,mτ , one can have the following compact approximations by setting mc = 0 for the
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massless cases of photon and gluon,
fgTL '
1
16pi2
gsmτ
g331Lg
23∗
1R
M2S1
× 1
12
(− 6 (22xτxt + 3xt + 16xτ + 6) log xτ − 49xt − 48), (5.13)
fγTL ' −
1
16pi2
emτ
g331Lg
23∗
1R
M2S1
×1
3
(1
6
(14xtxτ + xt + 9xτ + 3) + (xt + 1)xτ log xτ
)
, (5.14)
fgTR = f
γ
TR = f
Z
TR = 0, (5.15)
where xτ = m
2
τ/M
2
S1
, xt = m
2
t /M
2
S1
. Note that we have kept the first order effect of top
quark mass mt in the expansion due to its relatively large value. To illustrate this, in
Fig.6 we show the comparison of the approximations to the full results. In the cases of
massive Z boson with two external massive particles in the 3-point loop functions, even
the approximated expressions are tediously long [137] and we do not proceed with the
reductions but keeping the full expression.
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Figure 6: The comparison of the approximations in Eq.(3.10) and Eq.(3.11) to the full
results in Eq.(5.1) and Eq.(5.2).
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